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2006-2007 ANNUAL PROGRESS REPORT

This report presents the specific aims and accomplishments of our breast cancer research project
during the last year of funding sponsored by the US Department of the Army. It covers our
activities from May 1, 2006 to April 30, 2007.

1. Introduction

The overall goal of this research project is to apply the multiple monitoring techniques, i.e. Near
infrared spectroscopy (NIRS), FOXY oxygen sensor and *°F MR EP imaging of Hexafluorobenzene
(HFB), to prove the following hypotheses: combination of hyperbaric oxygen (HBO) intervention
can significantly improve breast tumor oxygenation, and that tumor oxygenation remains elevated
for a substantial period of time even after HBO exposure, which may be a novel approach to
enhance radiosensitivity or chemotherapy. If our hypotheses are proven to be true, this study will
lead to an optimal intervention plan to improve tumor oxygenation and to determine an optimal time
interval after HBO decompression for radiotherapy. Such a novel approach will largely enhance the
efficiency of non-surgical therapies for breast tumor treatment and provide a novel prognostic tool
for clinical practice. This study will also provide a better understanding of tumor vasculature and
tissue oxygen dynamics and spatial heterogeneity under HBO exposure.

The project has three specific aims:

Aim 1: to determine the absolute values of oxygenated hemoglobin concentration, [HbO,], and
hemoglobin oxygen saturation, SO,, in solid breast tumors from the NIRS measurements.

Aim 2: to investigate vascular oxygenation and tissue oxygen tension of breast tumors under
continuous normobaric and hyperbaric oxygen exposures with several gas interventions, using
both a single-channel NIRS system and 3-channel FOXY pO, system simultaneously.

Aim 3: to investigate global and local dynamics of tumor vascular [HbO,] and tissue pO, of
breast tumors immediately after HBO exposure by using both three-channel NIRS and *°F MR
EP imaging simultaneously.

In our earlier studies, we have accomplished Aims 1 and 2. Based on the studies performed for
Aims 1 and 2, we have recognized that it would be very practically useful if hyperbaric oxygen
exposure could enhance therapeutic effects for chemotherapy. So, we modified Aim 3
accordingly, as given below:

Aim 3: to investigate (1) whether HBO could enhance the therapeutic efficiency of
malignancy when used as a chemotherapeutic adjuvant of an anticancer agent (doxorubicin,
DOX) in mammary carcinomas of rat model, and (2) the feasibility of NIRS to monitor tumor
hemodynamic changes resulting from the therapeutic effect of DOX on vasculature.

For the last year, we have focused on achieving Aim 3, as reported below.



2. Body of the Report

Basically, the target of Aim 3 is to study “Tumor vascular oxygenation monitored by NIRS in
rats with hyperbaric oxygen intervention in combination with doxorubicin treatment.”

2.1 Introduction

Doxorubicin (DOX) is one of the most widely used broad-spectrum anticancer agents [1].
However, its clinical utility is limited, because this agent produces a chronic and dose-related
cardiomyopathy as its principal side effect. Therefore, it is desirable to achieve better
chemotherapeutic effect with lower dosage of the agent. It is well accepted that hypoxic tumor is
resistant to radiotherapy and some chemotherapy agent [2,3,4,5]. To overcome hypoxia, a
variety of approaches have focused on improve oxygen delivery via oxygen-enriched gases or
blood substitutes [6,7,8,9,10]. Hyperbaric oxygen was believed to improve tissue oxygenation
greater than normabric oxygen because it increased oxygen tension and oxygen delivery to tissue
independent of hemoglobin[11]. HBO, as a chemotherapy adjuvant in tumor treatment rather
than stand alone treatment, is believed to increases cellular uptake of some chemotherapy agents
and the susceptibility of cells to these agents. It has been demonstrated that HBO can increase
the susceptibility of malignant cells to destruction with taxol [12], doxorubicin [13, 14] and 5-
FU [15,16].

The influence of tumor oxygenation on treatment outcome has stimulated various techniques to
monitor or estimate tumor oxygenation. These include microelectrodes, optical reflectance,
electron paramagnetic resonance (EPR), magnetic resonance imaging (MRI) and nuclear
medicine approaches, as reviewed previously [17]. As each approach has their own strength,
some are highly invasive. Since its introduction in 1970s [18], Near Infrared Spectroscopy has
been increasingly applied to study tissue oxygenation status non-invasively. Near infrared light
can easily penetrate biological tissue, and allow for detection of specific light-absorbing
chromophores in human in vivo, such as oxygenated and deoxygenated hemoglobin, water and
lipid [19]. it has been used extensively for quantitative measurements of cerebral oxygenation
[20] and blood oxygenation in muscles in vivo [21], and more recently, tumor vascular
oxygenation with respect to interventions [22]. NIRS currently lack of spatial resolution, and
thus, the utility of global measurement require validation, given the well-documented
heterogeneity of tumor. In this regard, Xia et al [22] compared the spatially averaged
measurement of relative tumor oxygen saturation (sO2) using NIRS with the local pO, measured
by MRI. The sensitivity and specificity analysis suggests that NIRS may identify clinically
relevant hypoxia, even when its spatial extent is below the resolution limit of the NIRS
technique. Kim et al demonstrated that NIRS may be used as an effective tool to monitor tumor
hemodynamic change induced by some vascular disrupting agent [23,24].

These studies were designed to investigate 1) whether HBO could enhance the therapeutic
efficiency of malignancy when used as a chemotherapeutic adjuvant of doxorubicin in mammary
carcinomas of rat model, and 2) the feasibility of NIRS to monitor tumor hemodynamic changes
resulting from the therapeutic effect of DOX on vasculature.



2.2 Materials and Methods

2.2.1 Animal and Tumor models

Healthy female Fischer 344 rats aged 5 to 6 months were obtained from Harlan Sprague-Dawley
(Indianapolis, IN). They were housed for at least a week to acclimatize and for monitoring of
health before inclusion in the study. Mammary carcinomas 13762NF were implanted in the
dorsum of female Fischer 344 rats weighing ~200g. Tumor volume was estimated by the
formula of 6/pi *(LxWxH), Tumor diameter was measured in orthogonal axes (L,W, H). Tumor
size and body weight were monitored every other day after therapeutic interventions. All animal
protocols were approved by Institutional Animal Care and Use Committee at the University of
Texas Southwestern Medical Center and University of Texas at Arlington.

2.2.2 Druq preparation and dose

Doxorubicin Hydrochloride was purchased from Sigma Aldrich, Inc. It was made into a solution
by dissolving with saline. A single dose of DOX (2mg/kg body weight) was administrated by tail
vein. The dose of doxorubicin given was the usual chemotherapeutic dose, which would not
cause cardio-toxicity [13].

2.2.3 Experimental procedure

Following tumor establishment (~1 cm diameter), rats were randomly assigned to one of three
groups according to different therapeutic strategies: a) DOX (n=5), b) HBO + DOX (n=5). C)
control group (n=2) with saline injection. Rats were anesthetized with the mixture of ketamine
hydrochloride (0.15 ml; 100mg/ml; Aveco, Fort Dodge, 1A) and xylazine via i.p. After tumor
hair was shaved to allow better optical contact for NIR light transmission, the rat was placed on
its side in the hyperbaric chamber. Probes of SSDRS were fixed securely on the tumor of rat, and
then SSDRS monitored tumor vascular oxygenation while the rat was subjected to therapeutic
interventions.

DOX group was given 0.4 mg/ml doxorubicin solution intravenously after the respiratory
intervention of air -O, - air, and then were exposed to air — O, - air after DOX injection. HBO +
DOX group was exposed to gas intervention in a sequence of air-O, - HBO (30 min) prior to
intravenously administration of 0.4 mg/ml doxorubicin solution, and then exposed to air - O, —
air. Control group was subjected to the respiratory intervention of air -O; - air, saline solution
intravenous injection and then were exposed to air — O, — air. To control the timing of DOX
injection, an IV butterfly catheter was inserted into rat tail vein and fixed securely with tape
before the rat was put into the chamber. The syringe filled with DOX solution was connected to
the catheter with heparin only before DOX injection, in order to avoid the possible precipitation
caused by the incompatibility of DOX and heparin [25].

2.2.4 Spectrometer for monitoring the disturbance of DOX on the absorption of tissue
phantom




Because the reddish color of doxorubicin, it is reasonable to consider the bolus injection of
doxorubicin may change tissue absorption. A UV/VIS spectrometer Lambda 20 (PerkinElmer
Inc., Waltham, MA) was used to detect the absorption change resulting from the addition of
DOX into tissue phantom, in order to verify the acute effect of DOX bolus injection on tissue
absorption. A tissue phantom is composed of 100 ul sheep blood mixed with phosphate buffer
solution with total volume of 3.5 ml and total hemoglobin concentration of 7.1 g/L, which is in
the range of total hemoglobin concentration in tissue [26]. The Hb concentration of tissue
phantom was measured by Co-oximeter (Instrumentation Lab, Ramsey, MN). Since animal’s
total blood volume is 10% of its body weight, total blood volume = 0.2 Kg x 10% = 20 ml, with
the known body weight of ~ 0.2 Kg of rats. 0.17 ml DOX solution with the concentration of 0.4
mg/ml was added into the tissue phantom. Accordingly, the volume ratio of DOX to tissue
phantom is proportional to the ratio of 1 ml 0.4 mg/ml DOX to 20 ml total blood volume in rats.
According to the Lambert Beer Law, the absorption in 750nm and 830nm are

A™(0) = &y, [HD] + &40, [HDO, ] (2.1)
A™ (1) = &, [HB] + &40, [HDO, ]+ £poy " [DOX] (2.2)
A (0) = gy [HB] + 40, [HDO, ] (2.3)
AR (1) = g, [HD]+ &, [HDO, 1+ &0 " [DOX] (2.4)

where A™° (0) and A™° (1) represent the absorption at 750 nm in tissue phantom without DOX
and with DOX, respectively. A¥° (0) and A% (1) represent the absorption at 830 nm in tissue
phantom without DOX and with DOX, respectively.

2.2.5 Steady-state diffuse reflectance spectroscopy (SSDRS) for measuring changes in tumor
vascular oxygenation (AHbO,)

A broadband diffuse reflectance spectrometer was used to acquire reflectance spectra from tumor
tissue. Briefly, continuous wave (CW) light from a 20 W tungsten-halogen light source (HL-
2000HP, ocean optics, FL) is coupled into a 2.6-mm core diameter fiber optic bundle, the distal
end of which is placed in physical contact with the surface of the tumor. After being scattered in
the tumor tissue, the transmitted light is collected by a 1-mm core diameter detection fiber, the
end of which is coupled to a hand-held spectrometer (USB2000, Ocean optics, FL). The
broadband light diffuse spectrometer provides reflectance spectra from 400 to 900 nm.

According to the modified Beer-Lambert law, changes of oxy- and deoxy-hemoglobin
concentration, A[HbO;] and A[Hb], can be derived from the measured amplitudes at two
wavelengths (750nm and 830nm), by using extinction coefficients of oxy- and deoxy-Hb
published by Cope [27], as given in Equations. (2.5) and (2.6):

A A
—-1.532 log(—>)"™ +1.753 log(—2)®"
A A

A[HbO,] = ST (2.5)




A A
1.758 log(—2) ™ —0.92 log(—2)*°
A A

A[Hb] = ST (2.6)

where Ay is the baseline amplitude, Ay is the transient amplitude during the intervention, and d is
the direct source-detector separation. DPF (differential path-length factor) is a tissue-dependent
parameter and defined as the ratio between the optical path length and the physical separation
between the source and detector.

2.3 Results

2.3.1 Disturbance of DOX on the absorption of tissue phantom

There is absorption difference between tissue phantom with and without DOX, as shown in
Figure 2.1. However, the differences are relatively small. Indeed, the relative changes of

A750 (1) _ A750 (O)

A (0) =4.85% and

absorption in wavelength of 750nm and 830nm are

A830 (1) _ A830 (0)
A830 (0)
calculating oxygen saturation, absorption spectrum profiles between 700 and 900 nm were
normalized by absorption values at the wavelength of 700 nm. The normalized spectra cover the

wavelengths we utilized for calculating hemoglobin concentration. As shown in figure 2.2,
profiles of normalized absorption spectrum in NIR range appeared to be overlaid.

=4.80%, respectively. In order to investigate the disturbance of DOX on
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Figure 2.1 Absorption spectra of tissue phantoms with (yellow curve) or without 170 ul DOX (blue curve). The
unit for absorption is arbitrary unit.
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curve) in the wavelength range of 700 ~ 900 nm.

2.3.2 Changes in Tumor volume and body weight during chemotherapy

Tumor volume and body weight were monitored before and after DOX treatment to examine the
tumor response. Changes in tumor volume and body weight were normalized by the values at
day 0 (before DOX administration).
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Figure 2.3 Normalized (a) tumor volume and b) body weight in rats with saline injection (e ), DOX treatment (
o) and HBO + DOX treatment ( A).

Tumors in the control group grow significantly faster than tumors with treatment in the other
groups (p<0.05), as shown in Figure 2.3a. Tumors with combined treatment of HBO and DOX
grow significantly slower than those with DOX treatment except for the first two days after
treatment (p<0.05). Basically, there is no significant difference for tumor volume in HBO +
DOX and DOX groups on the 2nd day after treatment. However, significant differences are
observed starting from 5th day after treatment between the DOX treated and control group (p<
0.05). Regarding body weight loss, figure 2.3b indicated that rats in DOX group and DOX +
HBO group had significant and continuous body weight loss after day 0. Rats in control group
gained weight at day 2, and started to lose weight after day 4, and then kept constant body weight
thereafter.

2.3.3 Vascular hemodynamic changes of rats in DOX group

Values of A[HbO;] of rats in DOX group showed increases with values in a range of 0.07 ~ 0.12
(mM/DPF), when the gas switched from air to oxygen before DOX injection. When the gas was
switched from air to oxygen after DOX administration, the maximal amplitude of A[HbO;]
increased with values in a range of 0.02 ~ 0.04 (mM/DPF), which is significantly less than the
increase achieved with O, inhalation before DOX administration, as shown in figure 2.4. We
also noticed the signal changes during DOX i.v. injection.
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Figure 2.4 Time profile of A[HbO,] of tumors (1~4) in DOX group when the rat was under gas intervention.
The unit for A[HbO,] is MM/DPF. A[HbO,] of the 5th rat was discarded because of misplaced gas mask during
the experiment due to the movement of the rat.

2.3.4 Vascular hemodynamic changes of rats in DOX +HBO group

It shows a stable baseline in A[HbO,] when rats were inhaling air. A[HbO,] increase immediately
in the first few minutes and more gradually afterwards, as shown in figure 2.5. When the rats
were exposed to hyperbaric oxygen, A[HbO,] has a further increase until reaching a stabilized
value. DOX i.v. injection immediately after HBO caused some fluctuation of signal, but
stabilized when the injection is finished. A[HbO;] has a stable baseline but with values greater
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than air inhalation before HBO when the rats were breathing air after HBO. Similar to DOX

group, the maximal amplitude
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Figure 2.5 Typical time profile of A[HbO,] of tumors in DOX + HBO group (n=5) when the rat
was under gas intervention.
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2.3.5 Vascular hemodynamic changes of rats in control group

A[HbO,] have stable baseline values when rats were breathing air, as shown in figure 2.6.
A[HbO,] increased when the gas was switching to oxygen, and decreased when the gas was
switched back to air, as expected. Different from A[HbO;] in DOX treated group, the change of
amplitude in A[HbO;] when the gas switched from air to oxygen after saline injection is similar
to the change due to gas intervention before injection in both rats.
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Figure 2.6 Time profile of A[HbO,] of tumors in control group (n=2) when rats were subjected to gas
intervention.

2.4 Discussion and Conclusion

In our study, we randomized breast tumors into three groups: group with DOX injection, group
with DOX injection following HBO exposure at 2 atm, control group with saline injection. The
result showed that tumors in HBO + DOX group grow significantly slower than those with DOX
alone. HBO enhanced chemotherapeutic response of mammary carcinoma NF13762 to DOX in
vivo reflected by slowing down the tumor growth after treatment.

Resistance to chemotherapy is common in hypoxic tumors. HBO may help overcome

chemotherapy resistance by improving both tumor perfusion and cellular sensitivity. Improving
tumor oxygenation and vascularization may increase drug delivery. This has been shown
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experimentally and in nude mice with human epithelial ovarian cancer treated with cisplatin
[28]. Reactive oxygen species (ROS), or free radicals are by-product of aerobic respiration and
cellular metabolism and induced by oxidative stress during hypoxia (oxygen deficiency),
reperfusion or hyperoxia (excess oxygen). ROS, at low levels, assist tumor growth but become
toxic at high levels. This can be explained by the “threshold effect” whereby ROS reach a level
beyond which the antioxidant capacity is inundated, resulting in irreversible damage and
apoptosis [29,30]. One of the mechanisms of action of doxorubicin is production of ROS. By
increasing ROS level, HBO push ROS levels past the threshold level, and thus enhanced the
ROS-localized effects of doxorubicin [31,32]. Another mechanism of HBO is to push cell to
enter a proliferate stage, thus sensitizing them to radiotherapy and some chemotherapy by
improving oxygenation. It has been showed that HBO enhanced the chemotherapeutic effects of
doxorubicin in an experimental model of pulmonary sarcoma [13]. HBO stimulated proliferation
of an MCA-2 metastatic lung tumor cell line and induced cells to enter the replicating cycle
compared to cells left at ambient pressure [13]. Other studies found that HBO increased the ratio
of prostate cancer cells in vitro accumulating in Go/M phases from the G, arrest phase [33].
Generally speaking, HBO therapy in combination with chemotherapy may be justified by the
following: 1) improved oxygenation improves drug delivery to hypoxic regions in the tumor; 2)
increasing intratumoral ROS levels beyond the threshold may induce tumor destruction; 3)
improved oxygenation may also cause cell to enter a proliferate stage, thus sensitizing them to
radiotherapy and some chemotherapy; 4) HBO may remove hypoxia stimulus that drives
angiogenesis.

Even though the DOX dosage is reported to cause minimal cardiotoxicity, the result showed that
changes in amplitudes of A[HbO;] before DOX administration were much greater than the
change after treatment in rats of DOX group and DOX + HBO group. It is likely that the
amplitude difference results from the known cardiotoxicity reaction, the major side effect of
DOX. It has been suggested that cardiac dysfunction induced by DOX resulted from the
imbalances of the circulatory system such as decreases in blood pressure or the direct effects on
vascular wall [34]. During the course of i.v. injection of DOX, the vasculature was exposed to
high levels of DOX, and in vitro studies have suggested that DOX acutely induces vascular
smooth muscle to release Ca®* from its intracellular storage site and causes direct vasoconstrictor
[35] and vasodilator effects [36]. Furthermore, the combination of doxorubicin and HBO would
also be expected to enhance the agent’s cardiotoxicity because of the toxicity to cardiomyocytes
of HBO. Therefore, the clinical addition of HBO to doxorubicin may not change the risk-benefit
ratio of the agent. NIRS, in turn, may provide a novel approach to monitor the cardiotoxicity of
treatment, which may leads to an optimized therapeutic plan to minimize the side effect of
treatment. We also noticed the signal fluctuation in A[HbO,] during DOX injection in DOX
group. DOX solution is orange-red, so it is likely that DOX bolus injection would cause the
absorption change of tumor tissue in NIR range. We measured and compared the spectra of
tissue phantoms before and after adding DOX, to examine the disturbance of DOX injection on
the signal of A[HbO,]. There were absorption differences when comparing both absorption
spectra (Figure 2.1). However, the normalized spectra appeared to be overlaid (Figure 2.2).
Therefore, it implied that DOX would affect total hemoglobin concentration, rather than oxygen
saturation.
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3. Key Research Accomplishments and Reportable Outcomes

Publications in peer-reviewed journals:

1. Mengna Xia, Vikram Kodibagkar, Hanli Liu and Ralph Mason, “Tumor oxygen dynamic
measured simultaneously by near infrared spectroscopy and *°F magnetic resonance imaging
in rats”, Physics in Medicine and Biology,51: 45-60 (2006) .

2. Jae Kim, Mengna Xia, Hanli Liu, “Extinction coefficients of hemoglobin for near-infrared
spectroscopy of tissue”, IEEE Engineering in Medicine and Biology magazine, 24: 118-121
(2005).

3. Yueqging Gu, Wei R. Chen, Mengna Xia, Sang W. Jeong, and Hanli Liu, “Effect Of
photothermal therapy On breast tumor vascular contents: non-invasive monitoring by near
infrared spectroscopy”, Photochemistry and Photobiology, 81: 1002-1009 (2005).

Proceeding papers and presentations:

1. Mengna Xia, Benjamin Levine, Ralph Mason, Hanli Liu, “Simultaneous monitoring of tumor
vascular oxygenation and tissue oxygen tension under hyperbaric oxygen exposure”, in
Biomedical Topical Meetings on CD-ROM (The Optical Society of America, Washington, DC,

2006).

2. Mengna Xia, Vikram Kodibagkar, Ralph Mason, Benjamin Levine, Hanli Liu, “Tumor vascular
and tissue oxygenation dynamics under normobaric and hyperbaric oxygen interventions”,
presented at the fourth Era of Hope meeting for the Department of Defense (DOD) Breast
Cancer Research Program (BCRP) held on June 8-11, 2005 in Philadelphia, Pennsylvania.

3. Xiufeng Li, Mengna Xia, Edmond Richer, Matthew Lewis, Billy Smith, Ammar Adam,
Ralph Mason, Hanli Liu, Peter P. Antich, “Optical Imaging Phantom Study for Quantitative
Imaging Correction and Physiological Parameter Detection in vivo, Molecular Medicine
Symposium”, presented in the University of Texas System: Translating Discoveries into
Health, Houston, TX, 2005.

4. Mengna Xia, Ralph Mason, Hanli Liu, “A model of hemodynamic responses of rat tumors to
hyperoxic gas challenge”, Proc. SPIE- Optical Tomography and Spectroscopy of Tissue VI,
5693: 301-307 (2005).

Manuscripts in preparation:

1. Megan Xiao, Ralph Mason, Benjamin Levine, and Hanoi Liu, “Tumor Vascular and tissue
oxygen dynamics simultaneously monitored by NIRS and fluorescence oxygen sensor in rats
under hyperbaric oxygen exposure,” to be submitted to the Open Biomedical Engineering.

2. Mengna Xia, Ralph Mason, Benjamin Levine, and Hanli Liu, “Tumor vascular oxygenation

monitored by NIRS in rats with hyperbaric oxygen intervention in combination with
doxorubicin treatment.” to be submitted to Breast Cancer Research.
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4. Conclusions

In the last year’s study, we have learned that HBO enhances the therapeutic action of
doxorubicin in our tumor model, probably by multiple physiological mechanisms. The present
study reveals that DOX may be used in conjunction with HBO to obtain the same effect as
higher doxorubicin doses. Meanwhile, NIRS may work as an attractive approach to monitor the
cardiotoxicity of treatment.

Overall, our study over the last few years has demonstrated that 1) NIRS and MRI and FOXY™
oxygen sensor are complimentary approaches to monitor tumor oxygenation. 2) Tumor tissue
oxygenation achieved by hyperbaric oxygenation persists over 10-20 minutes even after
terminating hyperbaric oxygenation intervention. 3) Several correlations were existed for both
modalities under sequences of hyperoxic gas intervention with hyperbaric oxygen exposure.
Correlation of tumor vascular oxygenation and tumor tissue pO, determined by those techniques
simultaneously could give us a better understanding on the patho-physiology of tumor and
response to therapeutic interventions. 4) HBO enhanced the therapeutic action of doxorubicin in
our tumor model, probably by multiple physiological mechanisms. DOX could be used in
conjunction with HBO to achieve the same effect as higher doxorubicin doses. NIRS may work
as an attractive approach to monitor the cardiotoxicity of treatment.
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